Abstract-The transcription factor ETS-1 is a critical mediator of vascular inflammation and hypertrophy in hypertension.
I
nflammation plays an important role in the pathogenesis of hypertension, atherosclerosis, restenosis, and other forms of vascular disease. 1 Carotid artery balloon injury is a well-established model of vascular injury characterized by increased expression of inflammatory mediators and marked leukocyte infiltration, which initiate the process of vascular remodeling and neointima formation after endoluminal injury. [1] [2] [3] [4] [5] [6] [7] In this model, adhesion molecules such as P-selectin, E-selectin, intercellular adhesion molecule (ICAM), and vascular cell adhesion molecule (VCAM), as well as chemokines that mediate neutrophil and monocyte infiltration, such as cytokine-induced neutrophil chemoattractant-2 (CINC-2) and monocyte chemotactic protein-1 (MCP-1), are expressed at high levels within 2 hours of injury. In turn, these mediators activate and stimulate the migration of large numbers of granulocytes and monocytes into the arterial wall from the periadventitial tissues, which is evident after 24 hours of injury. 4, 7 These early inflammatory responses correlate with the extent of subsequent neointima formation at 14 and 30 days postinjury. 4, 5, 7 The ETS factors are a family of transcription factors that are involved in the regulation of a wide variety of biological processes, including normal development and differentiation. 8 As proto-oncogenes, they have also been implicated in the pathogenesis of several different types of cancer. 9, 10 Over the past few years, several studies have also supported a role for several members of the ETS family in the regulation of vascular inflammation, including endothelial activation, 11 the recruitment of inflammatory cells to the vessel wall, and proliferation and migration of vascular smooth muscle cells (VSMC). 12 ETS-1 is induced in VSMC and endothelial cells in response to a variety of stimuli, including angiotensin II (Ang II), platelet-derived growth factor-BB, thrombin, interleukin-1␤, and tumor necrosis factor-␣. [13] [14] [15] [16] Moreover, as we have recently shown, Ang II increases the glomerular expression of ETS-1, and in rat mesangial cells ETS-1 mediates Ang II-stimulated fibronectin expression. 17 The systemic administration of Ang II not only is associated with increases in blood pressure but also promotes the recruitment of inflammatory cells, including T cells and monocytic cells, to the vessel wall. 18 The influx of inflammatory cells in response to Ang II is markedly diminished in ETS-1-deficient mice compared with littermate controls, 15 suggesting an important role for ETS-1 as mediator of the proinflammatory effects of Ang II in the vasculature.
In the past few years, although emerging evidence supports a novel role for ETS-1 in regulation of vascular inflammation and remodeling, as well as its being a mediator of mesangial cell fibronectin production response to Ang II, the role of ETS-1 in other models of injury and in the absence of hypertension has not been investigated. In this study, we tested the hypothesis that ETS-1 is an early mediator of proinflammatory responses that participate in neointima formation after balloon injury of the carotid artery. For this study, we took advantage of the availability of an ETS-1 dominant-negative (DN) peptide to directly assess the role of ETS-1 in this model of injury.
Methods

Experimental Protocol
Ten-week-old male Sprague-Dawley rats were obtained from Charles River Breeding Laboratories (Wilmington, Mass). The animal protocols were approved by the institutional animal care and use committee at the University of Alabama at Birmingham and were consistent with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.
ETS-1 DN Peptide
ETS-1 DN peptide and ETS-1 mutant (ETS-1 MU) peptide were synthesized (CPC Scientific Inc, San Jose, Calif) following the sequences described by Oettgen et al. 18 
Balloon Injury Carotid Artery and Experimental Protocols
Rats were randomly selected to receive a single injection of ETS-1 DN (10 mg ⅐ kg Ϫ1 , IP), ETS-1 MU (10 mg ⅐ kg Ϫ1 , IP) or vehicle (Veh) (normal saline IP). Two hours after the injection, the rats were anesthetized with ketamine (80 mg/kg, IP) and xylazine (5 mg/kg, IP) and subjected to balloon injury of the right common carotid artery as we have previously described. 19 The uninjured left carotid artery served as a control.
At 2 hours postinjury (nϭ6 per group), the rats were euthanized with an overdose of sodium pentobarbital (100 mg ⅐ kg Ϫ1 , IP), and the carotid arteries were removed and processed for measurement of mRNA levels of inflammatory mediators (MCP-1, E-selectin, P-selectin, VCAM, and ICAM) and ETS-1 by real-time reverse transcription-polymerase chain reaction (RT-PCR). At 24 hours postinjury (nϭ5 per group), the rats were euthanized and perfused with 10% formalin at a pressure of 120 mm Hg. Both carotid arteries were removed, fixed, and embedded in paraffin for immunohistochemical analysis.
In separate groups of rats (nϭ6 per group), in addition to the initial IP injection, the rats received ETS-1 DN (10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ), ETS-1 MU (10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ), or Veh after carotid artery injury via osmotic minipump (Alzet, Cupertino, Calif). On day 14 of treatment, the rats were euthanized and perfused with 10% formalin at a pressure of 120 mm Hg. Both carotid arteries were removed, fixed, embedded in paraffin, serially sectioned, and stained with Verhoeff elastin stain for morphometric analysis. 19 To determine whether a single injection of ETS-1 DN was enough to reduce neointima formation after balloon injury, we performed additional experiments in an additional group of rats (nϭ8 per group), in which the rats received a single injection of ETS-1 DN (10 mg ⅐ kg Ϫ1 , IP), ETS-1 MU (10 mg ⅐ kg Ϫ1 , IP), or Veh (normal saline, IP) 2 hours before balloon injury. After 14 days, the rats were euthanized, and carotid arteries were collected, fixed and stained with Verhoeff elastin stain for morphometric analysis.
Real-Time Quantitative RT-PCR Analysis of mRNA Expression
Total RNA was extracted from injured or uninjured carotid arteries with TRIzol reagent (Invitrogen, Carlsbad, Calif). The RNA was reverse transcribed to cDNA, amplified by polymerase chain reaction with specific primers (Table) , and quantified using SYBR Green and the 7300 Real Time PCR System (Applied Biosystems, Foster City, Calif). 4 Levels of specific mRNAs were normalized using ribosomal protein S9 mRNA. 20 For inflammatory mediators, mRNA results were standardized to the mean value of the Veh injured group.
Immunofluorescence
Five-micrometer sections of carotid arteries were prepared from paraffin-embedded tissues. After deparaffinization, the sections were incubated with primary antibodies rabbit anti-rat ETS-1 antibody (sc-350, Santa Cruz, CA) at a 1:100 dilution at 4°C overnight. Sections were washed, incubated with the secondary antibody (Texas Red-conjugated horse anti-rabbit immunoglobulin G), and mounted with Vectashield 4Ј,6-diamidino-2-phenylindole mounting medium (Vector Laboratories, Burlingame, Calif). Two controls, in which we omitted the primary or secondary antibody, were included in each experiment.
Immunohistochemistry
The avidin-biotin-peroxidase immunohistochemical technique was used to detect MCP-1, E-selectin, P-selectin, monocyte infiltration, and leukocyte infiltration in paraffin-embedded sections in 24-hourpostinjury carotid arteries using a Vector Laboratories kit. In brief, after deparaffinization, MCP-1, E-selectin-and P-selectin-positive areas were immunolocalized by incubation with a rabbit polyclonal antibody against MCP-1 and E-selectin and a goat polyclonal antibody against P-selectin (Santa Cruz Biotechnology, Santa Cruz, Calif), followed by application of a biotinylated goat anti-rabbit or horse anti-goat secondary antibody, respectively (1:200), for 30 minutes. Rat monocytes were recognized by specific primary antibodies against ED1 (Serotec, Oxford, United Kingdom) and biotinylated goat anti-rabbit antibody. Rat leukocytes were recognized by specific primary antibodies against myeloperoxidase (Abcam, Cambridge, Mass) and biotinylated goat anti-rabbit antibody (Vector Laboratories). Detection of MCP-1, E-selectin, P-selectin, and monocytes was completed with Vector NovaRed (Vector Laboratories). All evaluations were performed on 3 sections from the injured arterial segment per vessel and then averaged. The expression of MCP-1 E-selectin and P-selectin was semiquantified by measuring the percentage of positive area of arterial cross section in which they were expressed (Image-Pro, MediaCybernetics, Bethesda, Md). ED1-and myeloperoxidase-positive cells were counted by an observer unaware of the experimental conditions (Image-Pro, MediaCybernetics). GCTGGATGAGGGCAAGAT CGAACAATGAAAGATGGGAT
Morphometric Analysis
Morphometric analysis of representative cross-sectional photomicrographs from the middle thirds of injured and contralateral control carotid arteries was performed with a computer-based Bioquant II Morphometric System (Nashville, Tenn), as we have previously described. 19 
Detection of Biotinylated ETS-1 DN Within the Vessel Wall
Paraffin sections of carotid artery were prepared, and the biotinylated ETS-1 DN was detected using the Vectastain ABC system (Vector Laboratories). Briefly, the tissue sections were deparaffinized, hydrated, and incubated for 30 minutes with diluted Vectastain ABC reagent. The slides were washed for 5 minutes, incubated in peroxidase substrate solution until appropriate stain intensity developed, and rinsed with tap water. The sections were then counterstained and mounted.
Statistical Analysis
Results were expressed as meansϮSEM. The data were evaluated by 1-way or 2-way ANOVA. When the overall F test result of ANOVA was significant, a multiple-comparison Dunnett test was applied. The Student t test was used in 2-mean comparisons. Differences were reported as significant at PϽ0.05.
Results
ETS-1 Expression Is Increased After Carotid Artery Balloon Injury
To determine whether ETS-1 expression is increased after carotid artery balloon injury, we measured ETS-1 mRNA expression by real-time quantitative RT-PCR 2 hours postinjury. As shown in Figure 1 , 2 hours after balloon injury, there was a 2.4-fold increase in ETS-1 mRNA expression.
To determine whether these changes in ETS-1 mRNA after balloon injury were accompanied by changes in ETS-1 protein expression, we measured carotid artery ETS-1 expression by immunofluorescence 24 hours after balloon injury. As shown in Figure 2 , in control vessels, there was normal autofluorescence limited to the elastic layer, with no detectable expression of ETS-1. In contrast, in injured vessels, there was a significant increase in ETS-1 expression, especially in the adventitia and to a lesser degree in the media. Colocalization analysis using nuclear 4Ј,6-diamidino-2-phenylindole stain demonstrated that ETS-1 expression in injured vessels was mostly nuclear (Figure 2 ).
ETS-1 Mediates the Expression of Proinflammatory and Adhesion Molecules in Carotid Artery Balloon Injury
To assess the role of ETS-1 in the expression of chemokines and adhesion molecules that are upregulated in balloon injury, we measured the mRNA expression of the chemokines MCP-1 and CINC-2 and the adhesion molecules P-selectin, E-selectin, VCAM, and ICAM 2 hours after balloon injury. By RT-PCR, we determined that the mRNA expression of these molecules in control vessels was very low (Figure 3 ). In contrast, the mRNA expression of these molecules was markedly increased after 2 hours of balloon injury (Figure 4 ): MCP-1 (Ϸ50-fold), CINC-2 (Ϸ50-fold), P-selectin (Ϸ30-fold), E-selectin (Ϸ50-fold), VCAM (2.6-fold), and ICAM (4.7-fold). Treatment with ETS-1 DN resulted in significant reductions in the mRNA levels of MCP-1 (53%) and the adhesion molecules E-selectin and P-selectin (69% and 54%, respectively) ( Figure 3 ). ETS-1 DN treatment did not significantly modify the mRNA expression of the adhesion molecules VCAM and ICAM or the neutrophil-selective chemokine CICN-2 ( Figure 3) . Treatment with ETS-1 MU did not modify the expression of any of the genes examined. These findings therefore demonstrate that ETS-1 regulates the transcription of several genes involved in the proinflamma- 
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tory responses after carotid artery balloon injury, including MCP-1, P-selectin, and E-selectin.
To determine whether these changes in mRNA expression were accompanied by changes in their protein expression, we performed immunohistochemical analysis for MCP-1, E-selectin, and P-selectin in the 24-hours-postinjury carotid arteries. As shown in Figure 4 , injured vessels had significant expression of MCP-1 and E-selectin, mainly in the media, whereas P-selectin was increased in the media and endothelial injury areas (Figure 4 Given the important role of MCP-1 as a mediator of monocyte infiltration, we performed immunohistochemistry for ED1ϩ cells as a marker of monocyte infiltration in the 24-hours-postinjury carotid arteries. As shown in Figure 5 , large numbers of ED1 ϩ monocytes were present in the adventitial domains of 24-hour injured arteries of Veh-treated rats; these numbers were significantly reduced (nϭ3, PϽ0. . ETS-1 DN blocked MCP-1, P-selectin (P-sel), and E-selectin (E-sel) expression in injured carotid arteries. Veh-, ETS-1 DN-, and ETS-1 MU-treated rats were perfusion fixed 24 hours after balloon injury. Injured carotid arteries were sectioned and immunostained using primary antibodies for MCP-1, P-selectin, and E-selectin. MCP-1 and E-selectin were expressed mainly in the media of injured arteries (A and D), whereas P-selectin was expressed mainly in the lumen side along the injured arteries (G). Treatment with ETS-1 DN significantly reduced MCP-1, E-selectin, and P-selectin (B, E, and H), whereas treatment with ETS-1 MU had no effect (C, F, and I).
215Ϯ46/mm 2 (ETS-1 DN).
In contrast, treatment with ETS-1 MU had no effect (327Ϯ41/mm 2 ). In addition, we measured leukocyte infiltration in vessels from the different groups. As shown in Figure 5 , there was a significant increase in leukocyte infiltration in Veh-treated animals that was significantly reduced by ETS-1 DN (PϽ0.05 versus Veh): 84.8Ϯ34.9/mm 2 (Veh) versus 41Ϯ2.57/mm 2 (ETS-1 DN). Treatment with ETS-1 MU had no effect on leukocyte infiltration: 70.6Ϯ12.7/ mm 2 (Pϭnot significant).
ETS-1 Mediates the Formation of Neointima After Carotid Artery Balloon Injury
We and others have previously demonstrated that balloon injury of the carotid artery results in significant neointima formation that is evident after 14 days of injury. 4, 19 Morphometric analysis showed that at 14 days after balloon injury, the neointimal areas and neointima/media area ratios of injured carotid arteries were significantly reduced in vessels from rats treated with ETS-1 DN for 14 days compared with those treated with Veh ( Figure 6 ). The intima/media ratios closely reflected the absolute intimal areas and were reduced by Ϸ50%. In contrast, treatment with ETS MU did not modify the total neointima area or the neointima/media ratio ( Figure 6 ). In a separate group of rats, we determined whether a single injection of ETS-1 DN would prevent the development of neointima formation after balloon injury. Neointimal areas and neointima/media ratios of injured carotid arteries from the Veh-treated group were reduced in ETS-1 DNtreated rats but not in ETS-1 MU-treated rats ( Figure 7 ). These findings demonstrate that blockade of ETS-1 before balloon injury is enough to prevent the development of neointima after balloon injury and highlight the important role of ETS-1 as mediator of the initial proinflammatory responses that result in the subsequent development of neointima.
To confirm appropriate delivery of the ETS-1 DN peptide, we performed biotin staining using Vectastain (Vector Laboratories) in injured vessels from rats receiving either Veh or ETS-1 DN. We observed a weak biotin background stain in control vessels that was substantially increased in vessels from ETS-1 DN-injected animals. As shown in Figure 8 , vessels from rats that received ETS-1 DN showed increased biotin stain, especially in the adventitia, confirming the presence of biotinylated peptide within the vessel wall. Injection of ETS-1 MU peptide resulted in identical peptide distribution (not shown).
Discussion
The ETS factors are a family of transcription factors that share a highly conserved DNA-binding domain (the ETS domain). 21 The term ETS originates from the sequence originally described in the E26 avian erythroblastosis virus (E26 transformation-specific sequence). 22 There are approximately 25 to 30 ETS family members. 23 ETS-1 in particular has emerged as a critical transcription factor involved in the regulation of multiple biological processes, including normal development and differentiation, and as a proto-oncogene it has been implicated in the pathogenesis of different types of cancer. 9 In addition to a highly conserved DNA binding domain, the different ETS family members have also shared distinct structural domains. 21 The transcriptional activity of ETS factors can be modulated through posttranslational modifications. The activity of most ETS factors can be modulated by phosphorylation. Phosphorylation of threonine-38 by the mitogen-activated kinases extracellular signal regulated kinases 1 and 2 potentially increases the transcriptional activity of ETS-1. 24 In contrast, calmodulin-dependent kinase II inhibits DNA binding via serine phosphorylation of ETS-1 inhibitory domains. 25 Another important mechanism by which the function of ETS factors can be regulated is through nuclear transport. Specific regions called nuclear localization sequences within each of the ETS family members facilitate their movement from the cytoplasm into the nucleus, 26 which is required for their function as transcription factors.
Several studies support a role for ETS factors in the regulation of gene expression in the endothelium. ETS-1 increases endothelial migration by enhancing the expression of matrix metalloproteinases and ␤3 integrin. 27 ETS-1 also regulates the expression of genes involved in angiogenesis, such as the vascular endothelial growth factor receptors and angiopoietin-2. 28 Indeed, DN forms of ETS-1 exhibit antiangiogenic activity in cultured endothelial cells. 29 Other target genes that have been identified to be downstream of ETS-1 include the chemokine monocyte chemoattractant protein-1 (MCP-1), plasminogen activator inhibitor-1, and the adhesion molecule VCAM-1. 15 Additional downstream targets of ETS-1 that are expressed by VSMC and promote cell migration include the matrix metalloproteinases stromelysin (matrix metalloproteinase-3) and type IV collagenase (matrix metalloproteinase-2). 30 ETS-1 expression in VSMC also induces the expression of platelet-derived growth factor, thereby promoting VSMC proliferation. 31 Recent studies have shown that ETS-1 is induced in the vasculature in response to a variety of stimuli, including the proinflammatory cytokines interleukin-1 16 and tumor necrosis factor, 13 as well as by Ang II 15 and platelet-derived growth factor. 14 VSMC isolated from ETS-1-deficient mice exhibit decreased proliferative response to Ang II, and systemic administration of Ang II to ETS-1-deficient mice is associated with marked reductions in medial hypertrophy, despite similar increases in blood pressure in wild-type and ETS-1-deficient mice, 15 suggesting an important role for ETS-1 in the pathogenesis of vascular injury in hypertension. In addition and as we have recently demonstrated, Ang II increases the glomerular expression of ETS-1 in vivo, and in vitro, Ang II induces the expression of ETS-1 in rat mesangial cells via increased generation of reactive oxygen species. 17 Moreover, we demonstrated that ETS-1 in large part mediates the production of fibronectin stimulated by Ang II in rat mesangial cells. 17 Inflammation is clearly implicated in the pathogenesis of different forms of vascular diseases, including hypertension and atherosclerosis. 1 In this study, we used the balloon injury of the rat carotid artery as a model to study the role of ETS-1 as mediator of vascular injury responses. This model is characterized by an early accumulation of neutrophils followed by increased monocyte infiltration of the adventitia and subsequent neointima formation. 32 As we have previously demonstrated, these inflammatory responses and development of neointima are mediated by chemokines such as MCP-1 and CINC-2 and adhesion molecules such as P-selectin, E-selectin, VCAM, and ICAM. 4 Our previous studies have also demonstrated that balloon injury induces migration and proliferation of adventitial cells into the media that contribute to formation of neointima in this model of vascular injury. 33 Previous studies have demonstrated strong ETS-1 protein expression after balloon injury as early as 2 hours postinjury and involving all vascular layers, suggesting that ETS-1 expression probably precedes the expression of proinflammatory cytokines that mediate the formation of neointima. 12 Significant increases in ETS-1 mRNA expression suggest that these changes in ETS-1 protein expression are mediated via transcriptional mechanisms. For our study, we took advantage of the availability of an ETS-1 DN peptide to block the effects of ETS-1, as described by Oettgen et al. 18 Our study demonstrates that ETS-1 is upregulated in this model of vascular injury and transcriptionally regulates the expression of the monocyte-specific chemokine MCP-1, as well as of the adhesion molecules P-selectin and E-selectin. Importantly, we also showed that ETS-1 blockade reduced monocyte infiltration, demonstrating that ETS-1 plays an important role as a mediator of monocyte infiltration in this model of vascular injury. We have also demonstrated that ETS-1 blockade also significantly reduced leukocyte infiltration, although it did not significantly change the expression of the leukocyte specific chemokine CICN-2, suggesting that other chemokines also play a role in the development of leukocyte infiltration after balloon injury. Blockade of ETS-1 with a specific ETS-1 DN but not with a mutant peptide resulted in significant reductions in neointima formation, demonstrating a critical role for ETS-1 as a mediator of inflammation and neointima formation in this model of vascular injury. On the basis of our findings, we postulate that reductions in the expression of MCP-1, E-selectin, and P-selectin and subsequent monocyte infiltration as a result of ETS-1 blockade result in significant reductions in neointima formation. In our study, we blocked ETS-1 before balloon injury to prevent the inflammatory response and formation of neointima. In the future, we will perform interventional studies to determine whether blockade of ETS-1 ameliorates the formation of neointima when the balloon injury has already occurred.
In conclusion, the results of our study support a critical role for ETS-1 as a transcriptional mediator of endoluminal vascular injured-induced inflammation and neointima formation. We have identified several downstream effectors of the model, including MCP-1, P-selectin, and E-selectin, that are regulated by ETS-1. Future studies will be directed at identifying protein-protein interactions of ETS-1 with other transcription factors or cofactors and to additional mechanisms by which ETS-1 could play a role in neointima formation.
Perspectives
This study unveils the critical role of the transcription factor ETS-1 in the pathogenesis of vascular injury and may result in the development of novel strategies in the treatment and prevention of vascular injury associated with hypertension and atherosclerosis. Carotid arteries from Veh-treated rats had background biotin stain that was significantly increased in arteries from ETS-1 DN-treated rats.
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